Abstract Nitrogen balance is increasingly used as an indicator of the environmental performance of agricultural sector in national, international, and global contexts. There are three main methods of accounting the national nitrogen balance: farm gate, soil surface, and soil system. Some studies have provided the comparison among these methods and the conclusion is mixed. The present paper combines these three methods to provide a more detailed auditing of the nitrogen flows and balance. The proposed combination gives more useful information than the individual methods do, especially for the use of nitrogen flows and balance in international comparison of environmental performance. The study investigated the nitrogen flows and balance of OECD countries for years from 1985 to 2003 and used different indicators to assess relative environmental performance of these countries. Some important findings emerge from the empirical exercise. First, on the whole OECD countries had decreased their nitrogen surplus by around 10% between 1990 and 2003. Secondly, OECD nitrogen surplus intensity was still higher than the world level. Thirdly, the environmental performance in the crop sector was better than the livestock sector. Fourthly, the performance varied greatly among member countries and these differences were correlated with many factors such as the use of land and domestic support. Fifthly, the rankings varied depending on the indicators used.
Introduction
Nutrient budgets have been a valuable tool for scientists to summarize and facilitate the understanding of nutrients cycling in agro-ecosystems for more than a century (Oenema et al. 2003) . Nutrient balance is increasingly being used by farmers and policy makers alike at farm, regional, national, and international scales to assess both the environmental impact and potential sustainability of agricultural systems (Gourley et al. 2007; Janssen 1999; OECD 2001; Sveinsson et al. 1998; Watson et al. 2003) . Nutrient budgets are also used as regulatory policy instruments in many countries (De Walle and Sevenster 1998) .
Few studies estimated the nutrient balance in the regional and global contexts. Stoorvogel et al. (1993) calculated the nutrient balances of 38 sub-Saharan African countries for the periods 1982-1984 and 2000 . The authors found out that these countries experienced alarming soil nutrient depletion in the years surveyed. Mutert (1996) studied the nutrient balances of ten Asian countries for the major crops and for rice alone. Negative N, P and K balances were identified in Bangladesh, Indonesia, Myanmar, the Philipines, Thailand, and Vietnam while positive balances were found in Japan, South Korea, and Malaysia. Shindo et al. (2003) investigated the spatial distribution of nitrogen load from farmland production activities, human and food waste, and energy production to the environment and river system in 23 eastern Asian countries for the period from 1961 to 2002. The results showed that nitrogen discharge from farmland production activities in Thailand, Vietnam, India, Bangladesh, and some parts of China were high. Sheldrick et al. (2002) provided the global estimation of nutrient balance in agricultural sector. This study calculated the nutrient balances of 197 countries in 1996 and reported the balances for different regions in the world. Recently, OECD has published nitrogen and phosphorous balances of OECD countries for the period from 1985 to 2004 (OECD 2001 , 2008 . Van Der Hoek and Bouwman (1999) used the farm gate method to estimate the nitrogen balance for the global agriculture This study reported the global nitrogen balance in 1994 around 17.8 kg/ha.
The motivations of and the accounting methods used in these studies varied. For example, the work by Stoorvogel et al. (1993) , Mutert (1996) and Sheldrick et al. (2002) estimated the soil system balance to measure the soil nutrient depletion. OECD (2008) and Shindo et al. (2003) calculated the soil surface balance which was used as an agro-environmental indicator. The work by Van Der Hoek and Bouwman (1999) used the farm gate method to highlight some of the issues related to the scaling up the estimation of the balance from the farm level to the global level.
The literature on the use of the soil surface and soil system methods in international contexts have received more attention than the farm gate method even though some studies argue that the farm gate method potentially provides a more accurate estimate (see for example Oenema et al. 2003; Van Eerdt and Fong 1998) . This is possibly because the strategy of collecting the data and calculating nutrient balance using the farm gate method at the country level has not been investigated adequately. Motivated by this, the present paper details an alternative strategy of using different reliable data sources to calculate nutrient balances of many countries. More importantly, the present paper proposes the uses of the nutrient flows and balances calculated from the three different accounting methods to construct some useful eco-environmental indicators The paper is structured as follows. In section ''Nutrient balance of national agricultural system: combined uses of different accounting methods'' provides a brief review on the soil surface, the soil system and the farm gate methods and proposes the combination of the three methods for the evaluation of environmental performance of agricultural production systems. In section ''Nutrient-based ecoenvironmental performance indicators'' discusses some indicators related to the nutrient flows and balances. These indicators can be used for international comparisons of environmental performance in agriculture. The new econ-environmental indicator defined as the ratio of total nutrient balance to total economic value of production is also proposed in this section. In section ''OECD nitrogen balance: a reinvestigation'' investigates the environmental performance of 29 OECD countries for the years from 1990 to 2003. In this section, the strategy of using different data sources is also detailed to provide an alternative way of calculating the national farm gate balance. The last section provides conclusion.
Nutrient balance of national agricultural system: combined uses of different accounting methods
Review on existing nutrient accounting methods
There are three main methods of calculating the nutrient balance of national agricultural systems: soil surface, soil-system, and farm gate (OECD and EuroStat 2007; Oenema et al. 2003; Slak et al. 1998) . All methods are regulated by the law of mass conservation which says:
where x and q are vectors of the inputs and outputs and a and b are non-negative vectors of nutrient content in the input and output vectors.
The balance of nutrients (z) defined in Eq. 1 is simply computed as the difference between the total nutrients in the inputs and the total nutrients in the outputs. The core differentiation among these methods rests on the definition of the boundary of the defined system which in turn specifies the vectors of inputs and outputs.
The soil surface method records the amount of nutrients entering the soil and leaving the soil. The soil system method records all nutrient inputs and nutrient outputs, including nutrient gains and losses within and from the soil. Compared with the former method, the latter method also partitions the various nutrient loss and gain pathways within the soil system. The farm gate method considers the system as a ''black box'' and records the quantity of nutrients contained in all kinds of products entering and leaving it.
In the context of international comparisons, the soil surface and soil system methods have been used extensively in empirical studies (see for example Stoorvogel et al. 1993; Mutert 1996; Sheldrick et al. 2002; OECD 2008; Shindo et al. 2003) . The farm gate method has also been used widely in farm-level and regional analyses. Typically the Netherlands has used this approach in its officially statistical mineral accounting system (MINAS) which focuses on nitrogen and phosphorous flows on individual farms since 1998 (Ondersteijn et al. 2002) . 1 The OSPARCOM (Oslo and Paris Conventions for the prevention of marine pollution) has also used this method to monitor the nitrogen and phosphorous discharges into to the North Sea and Baltic Sea from the surrounding countries (OSPARCOM 1994) . Slak et al. (1998) also used this method to estimate the overall national balance for both agricultural and non-agricultural activities.
Each method has both advantages and disadvantages. The soil surface and farm gate methods are simpler and less data-intensive than the soil system method. The soil system method, however, details the pathways of nutrient loss, which particularly provides more useful information for the management of land quality.
The choice of methods in international empirical studies however depends on many factors including data availability, the purpose of using the information on the nutrient balance, and the scale of researches (Oenema et al. 2003) . For example, the soil surface method was normally used to derive nutrient balance as an agro-environmental indicator (OECD 2001; OECD and Eurostat 2007) . The soil system method was often used to identify the net depletion or enrichment of the soil system (Oenema et al. 2003) . The comparison of these three different methods has been discussed in some literature (see for example Oenema et al. 2003; Van Eerdt and Fong 1998) and was not considered in the present paper.
However, these methods can be combined to provide more detailed auditing of nutrient balance and flows of agricultural production systems. The next section outlines the detailed nutrient flows of the national agricultural production system under the combined approach.
Flows of nutrients in the combined approach Figure 1 provides the graphical presentation of the combination of the soil surface, soil system and farm gate methods in analyzing the balance and flows of nutrients of national agricultural production systems. The boundary of the system represented by the dotted border is defined to cover crop and livestock production activities. This boundary is identical to the system boundary considered by the farm gate method. The shaded box refers to the boundary of the soil system. The soil surface method extends the boundary of the soil system to include the leaching and run-off outflows.
The input side of the dotted box includes five items: fertilizers, seed and planting materials, feedstuff, live animals, and non-agricultural atmospheric deposition of nutrients. The non-agricultural atmospheric deposition refers to the amount of nutrients which are emitted domestically from non-agricultural sector or imported from overseas. Fertilizers and seed and planting materials are for crops production while feed and live animals are for livestock production. Fertilizers include inorganic fertilizers and organic fertilizers (e.g. sewage sludge, urban compost, industrial waste products) but exclude the excretion of livestock. Live animals include animal from the opening stock and live animal purchased from 1 Luxembourg government used the farm gate method in its Herdbooks systems in which farms are compulsorily required to use this accounting method in order to join the beef labeling scheme (Goodlass et al. 2001 ). Nutr Cycl Agroecosyst (2010 overseas during a surveyed year. The output side of the dotted box has four items: marketed livestock products, marketed crop products, closing stock and exports of live animals, and all nutrients-containing items withdrawn from the system (e.g. fodder crops, grass, manure exported to other countries or domestically used for non-agricultural purposes). All of nutrient inflows and outflows of the dotted box are denoted as dotted lines in Fig. 1 . Using Eq. 1, the farm gate nutrient balance equals the difference of the total nutrients in the five inputs and the total nutrients in the four outputs. The nutrient in the balance goes into surface and ground water systems (via leaching and run-off) and goes to the atmosphere (via net volatilization and denitification). These flows are denoted as dashed lines in Fig. 1 . Within the dotted box, some part of the nutrients emitted from the domestic agricultural sector (via volatilization) is deposited back to the agricultural land through the process of atmospheric deposition; therefore only net volatilization and denitrification (which equals to gross volatilization and denitrification deducted for internal flow of deposition) is included in the farm gate balance.
The soil system method reveals more nutrient flows within the dotted box. Beside the five inputs of the farm gate method, the input side also includes excreta from livestock to the soil system, the atmospheric deposition from agricultural activities, and the biological fixation. Beside the four outputs of the farm gate method, the output side also includes fodder crops and forage which are consumed by the livestock. These additional inflows and outflows are denoted as solid lines within the dotted box in Fig. 1 . The soil surface balance sheet is a simple version of the soil system balance sheet where the leaching and running-off component is dropped out.
The uses of the nutrient flows and balances to construct eco-environmental performance indicators Information on nutrient balance is commonly used in deriving some indicators to compare the performance of various national agricultural production systems. One of the most important properties of good indicators is their interpretability. In order to capture the multi-dimensional nature of agricultural sustainability, the information of nutrient balance and relevant indicators derived from the balance should deliver meaningful economic and environmental interpretations. Economic interpretation implies that information on nutrient balance should be used in connection with economic information for policy design and evaluation. For example, when a country with intensive livestock farming is compared with another country with intensive crop farming, the nutrient surplus of the former country might appear larger than that of the latter. Policy makers in the former country if wanting to compare their performance with the latter country can use this information together with the economic value of their production to incorporate environmental performance with economic performance.
Environmental interpretation on the other hand links the nutrient balance with farming practice or structure to address the issue of nutrient management. For example, when we compare two countries both having mixed livestock and crop farming structure, a country which internalizes more manure for crop production (i.e. use less inorganic fertilizer) should have better environmental performance. The nutrient balance should capture this mixed farming practice.
It is obvious that different accounting methods result in different balances. This raises an important question: which method should be used for the purposes of international comparison? Instead of comparing these methods, the present paper proposes to combine all of the information related to nutrient flows and balances of the three methods to derive some meaningful indicators as detailed in the next section.
Nutrient-based eco-environmental performance indicators

Nutrient balance normalized by agricultural land
This indicator is defined as the ratio of the farm gate nutrient balance to total agricultural land. This simple indicator reveals the intensity of the potential pollution caused by the nutrient balance in agricultural production. Since the nutrient balance is normalized by agricultural land, this helps the comparison of small national agricultural systems with large national agricultural systems. This indicator has been widely used in literature (see for example Miwa 1992; OECD 2008; Rufino et al. 2006; Sheldrick et al. 2002; Shindo et al. 2006; Stoorvogel et al. 1993; van Eerdt and Fong 1998) .
Eco-environmental indicator
The eco-environmental indicator is defined as the ratio of total nutrient balance over total economic value of outputs. This indicator is particularly useful in connecting the economic consideration with the environmental performance. With three different methods, there are up to three values of this indicator, depending on the definition of inputs and outputs. However the farm gate balance is preferred due to its meaningful economic and environmental interpretation.
When any two countries are compared: one with intensive crop farming and one with intensive livestock farming, the soil surface and soil system method should not be used because they just record the economic value of crop products only. On the other hand, under the farm gate method, both crop and livestock farming activities are included, making the indicator comparable among countries with different farming structures.
The use of the farm gate balance in constructing this indicator also provides a more practically meaningful interpretation in terms of nutrient management. For example, under the soil surface or soil system method, in order to reduce the nutrient surplus, a country can choose to reduce fertilizer supply and livestock manure. Theoretically, scaling down the livestock production or exporting the livestock excreta to non-agricultural domestic activities or to overseas helps to reduce the surplus. These options are however not always economically feasible, especially in those countries where livestock production is a main economic sector and export market for manure is minor. In addition, the use of manure for crops production as a way of abatement is implicitly ignored in the soil surface and system methods. On the other hand, under the farm gate method, one can think of maximizing the recycling of manure from the livestock production for crop production activities to reduce the nutrient balance.
System nutrient efficiency
System nutrient efficiency is defined as the ratio of total nutrient in the outputs to total nutrient in the inputs of a whole system (bq/ax). This indicator has been used widely in the international comparison of the environmental performance of agricultural production. It simply says how much nutrients in the input is converted into the output. The higher the system nutrient efficiency is the less the balance is sent to the environment. The less balance sent to the environment means less harmful to the environment the production system is. Because of this relationship, this indicator also unfolds the total potential effect of the agricultural production system on the total environment which consists of atmospheric system, surface water system and ground water system.
With three different accounting methods, there are up to three system nutrient efficiency ratios. Unfortunately the soil surface and soil system methods do not separate the livestock excreta, the consumption of fodder and forage by the animals and these two methods do not separate agricultural and non-agricultural atmospheric deposition. Because of these two issues, the soil surface and soil system method cannot measure accurately the total effects on the total environment. On the other hand the farm gate method reports the balance sent to total environment from the whole system. Therefore the inflows and outflows of this method should be used to derive the system efficiency.
Sub-system nutrient efficiency
The national agricultural production system can be classified into two main sectors: crop and livestock. In the crop sector, inputs such as fertilizer, atmospheric deposition, seed, planting materials, biological fixation and livestock excreta are converted into the crops products and forage which are consumed by the livestock. The nutrient efficiency in the crop sector can be defined as the ratio of nutrient in outputs over inputs.
In order to estimate this sub-system efficiency in the crop sector, data on the use of livestock excreta is required. Unfortunately in reality, these data at the national level are unlikely to be widely available. Assumptions on how much the excreta has been consumed can be made to enable the calculation of the efficiency but these assumptions causes uncertainty in the result. It is crucial that these assumptions have good supporting evidence. For example, in the OECD empirical study, we assumed that there was no excreta consumption by the crop sector. This assumption was made on the ground that there was little commercial exchange of livestock excreta from livestock farmers to crop farmers.
In the livestock sector, feed and forage are converted into livestock products and the nutrient efficiency in the livestock sector can be similarly defined as the ratio of nutrient in outputs over inputs. As showed in the following empirical study on OECD agriculture, these sub-system efficiency measures facilitate the analysis of relative environmental efficiency between the two sectors of the whole system..
OECD nitrogen balance: a reinvestigation
In this empirical study, the present paper investigated the environmental performance of the agricultural production of 29 OECD countries for the years from 1990 to 2003. There are some objectives of this empirical illustration. Firstly, it describes the strategy of using data from different reliable sources to estimate the flows and balance under the farm gate framework for national agricultural production systems. While the focus is on OECD countries, the discussions are still relevant to other countries because the majority of data sources mentioned are widely available, of high quality and provide statistics on many other countries. Secondly, the flows and balances of the farm gate and soil system methods are estimated to provide estimates complementary to the soil surface estimates of OECD (2008) . Thirdly, the information of the three balance sheets will be used to construct the indicators discussed in section ''Nutrient-based eco-environmental performance indicators''. These indicators are then used to provide the relative performance assessment of different OECD countries.
Data sources of inputs and outputs
In order to compute the nitrogen flows and balances, data on the quantity of inputs (x) and outputs (q) and data on their nitrogen contents (a and b) are required. The inputs and outputs are defined in Fig. 1 . The following section discusses data sources and strategies of compiling data from different sources for all inputs and outputs.
Fertilizers
Fertilizers in the input side include both inorganic and organic fertilizers. Data on sales or consumption of inorganic fertilizers in terms of nitrogen and phosphorous content are generally readily available (i.e. FAO website). Organic fertilizers includes domestic urban compost and sewage sludge disposed of by spreading on agricultural land and imports (e.g. manure imported from overseas) but excludes excreta from domestic livestock. OECD (2008) provides a statistics on inorganic fertilizers for OECD countries.
Feed
Ideally feed should include all imported forage and the feedstuff either from domestic supply or from overseas (i.e. imports) but exclude crops which are not harvested for their grain, such as roots, tubers and fruits and are fed to animals as roughage. FAO reports statistics on feed quantity in its supply utilization accounts (SUAs; FAO 2009). The feed also includes the net imports of many feedstuff commodities such as brans, cakes, meals, meat meals, oil meals and other items which are not presented in feed and seed accounts (e.g. forage or feed supplements). Data on nitrogen content in feed items are from FAO's SUAs, AFRIS (2009) and from SubCommittee on Feed Composition (1982). Supplementary information sources can be traced using published literature such as Braun et al. (1994) , Brautigam et al. (1996) , Grote et al. (2005) , Slak et al. (1998 ), Stanton (1999 .
Seed and planting materials
Seed and planting materials in the input side covers all the seed and plants required for crop planting. Data include the amounts of seed set aside for sowing or planting during the year, whether domestically produced or imported. Data should be taken of double or successive sowing or planting when this occurs. FAO also reports statistics on seed in its SUAs.
OECD (2008) provides a good source of nutrient content for seed and planting materials in the input side for OECD countries. For other countries, if data are not available, nutrient content of seed and planting materials can be approximated using the nutrient content of relevant food commodities.
Opening, closing stock, import and export of live animals Baby and purchased breeding livestock in the input side cover two types of animals: (1) the live animal at the beginning of the year, and (2) the live animals that a country imports from overseas during a year for slaughtering and milking purposes. These data are readily available on the FAO website in SUAs and TradeSTAT. Similarly, the closing stock and export of live animal are also reported on FAO websites.
Instead of directly computing the nitrogen in these items, the present paper uses the net livestock change to estimate the net change in nitrogen. The net livestock change equals the closing stock minus the opening stock of live animals. The net livestock change will be added to the output side of livestock products. Since the net livestock change is measured in the number of live animals, to convert this into nitrogen amount, the net livestock change is multiplied with the average weight of each type of live animals and nitrogen content in the live weight. FAO reports the weight yield on each type of animals.
Crop and livestock products
The quantity data for crops and livestock products (i.e. meat, milk, eggs. plus non-commercial parts of animals such as head, skin, bones and intestines) are readily available on FAO website in its production statistics domain.
Data on nutrient contents for the crop and livestock outputs are from food composition tables of surveyed countries including Australia, Belgium, Canada, Denmark, France, Finland, Germany, Ireland, Italy, Japan, New Zealand, Norway, Spain, Sweden, Switzerland and USA (EUROFIR 2009; Infoods 2009; LANGUAL 2009 ). There were some missing data in the nutrient content of some commodities in some countries. This was essentially because we did not have access to their food composition tables. However, we believe that nutrient contents in food commodities in countries of similar biological and weather conditions do not vary much. Based on this assumption, we applied nutrient contents of Korea to Japan, Mexico to USA and Canada. Nutrient content in Austria, Greece, Hungary, Iceland, Netherlands, Poland, Portugal, and Turkey are estimated using the average of Belgium, Denmark, Finland, France, Ireland, Italy, Norway, Spain, Sweden, Switzerland, and UK. For those other missing items, we used the international food composition table of FAO (FAO 2001) .
Withdrawals
Nitrogen withdrawals covers all nitrogen-containing items such as crop residues, forage, live animals, and manure which are exported aboard or are for domestic non-agricultural use. Statistics on exports are generally available from FAO's TradeSTAT. OECD (2008) also reported withdrawals for crop residuals and manure.
Biological nitrogen fixation
Nitrogen fixation is fixed to the soil through the action of bacteria which live in root nodules of leguminous crops and by free living soil organisms. Normally, the amount of nitrogen fixed to the soil through bacteria action is estimated equal to the cultivated area of leguminous crops multiplied with nitrogen fixation coefficient for the given crops. Similarly, the amount of nitrogen fixed by free living organisms equals to the area of each type of land multiplied with nitrogen fixation coefficient for the given land type. Data on biological nitrogen fixation are from OECD (2008).
Atmospheric nitrogen deposition
The non-agricultural atmospheric deposition refers to total amount of nutrients deposited from non-agricultural sector such as natural lightning or other human activities. It excludes nitrogen which has been emitted to the air (via volatilization processes) and deposited back to the agricultural land. The soil surface and soil system balance sheets show the total of these two flows. OECD and Eurostat (2007) however noticed that no deduction was made for the volatilization of NH 3 in the gross nitrogen balance of the soil surface method and that this balance has the double-counting error of the volatilization.
Task force on national greenhouse gas inventory of intergovernmental panel on climate change website documents guidelines for estimating nitrogen flows emitted to the environment from agricultural and non-agricultural sources (Eggelston et al. 2006; IPCC 2009 ). The agricultural and non-agricultural atmospheric nitrogen deposition can be approximated equal to utilized agricultural land multiplied with nutrient deposition rate. The nutrient deposition rate should be country-specific as guided by IPCC (2009) but if not available the default values of IPCC (2009) can also be used.
Instead of estimating the total atmospheric nitrogen deposition using data from IPCC (2009), we decided to use data reported by OECD (2008) to make our estimation comparable with this report. However we need to separate this total deposition into agricultural and non-agricultural atmospheric deposition. In order to do this, we used the framework of IPCC (2009) Nitrogen balance of OECD agriculture Table 1 shows the combined nitrogen balance sheet of an average year of the whole OECD community in the period 1990-2003. The nitrogen surplus that OECD sent to the whole environment measured by the farm gate method was 30,646 thousand tones compared with 42,412 thousand tones of the soil surface balance and 41,719 thousand tones of the soil system balance. The total farm gate surplus balances of 29 countries were 29,197,946 tones in 1990 and 28,224,258 tones in 2003 , experiencing a reduction of around 10% in 14 years. This reduction was higher than the estimation using the soil surface and soil system methods.
Normalized by the total agricultural land, the OECD soil surface and soil system balances were 39 and 38.5 (kg N/ha) respectively. These normalized balances were higher than the average world levels which were estimated to be around 37.7 and -12.1 respectively in 1996 by Sheldrick et al. 2002. 2 As argued above, for the purpose of measuring the potential effect of agricultural nitrogen balance on the total environment not just limited to the soil system, the farm gate balance should be used. The OECD's farm gate balance was 23 (kg N/ha), which was also higher than the world level of 17.8 (kg N/ha) estimated from Van der Hoek and Bouwman (1999). 3 In the input side of the OECD balance sheet in Table 1 , around 52.2% of the nitrogen was from the fertilizer. Van der Hoek and Bouwman (1999) also estimated the same percentage figure for fertilizer in the world farm gate balance sheet. In the output side of the balance sheet, crop products and livestock products account for 88.4 and 10.4% of the total nitrogen in comparison with 76.4 and 23.6% respectively for the global agricultural production (Van der Hoek and Bouwman 1999). The farm gate balance sheet in Table 1 also shows that the efficiency of using nitrogen in the livestock production sector is relatively lower than the efficiency level in the crop sector. Around 20% of the nutrient in feed was converted to only 10% in the livestock products, implying that a significant amount of nitrogen in the livestock production was lost to the environment. This suggests that there is a huge opportunity for OECD farmers to reduce pollution by better nitrogen management in livestock production. Table 2 reports the annual values of key performance indicators for a mean OECD country using the farm gate accounting method. The mean nitrogen balance was 23 kg per ha with very large variation among countries. The annual eco-environmental indicator of 5.3 implies that for every ten millions of USD dollar (adjusted for purchasing power parity differences among countries) of livestock and crop production, the OECD sent 5.3 kg of nitrogen to the environment. On average, an OECD country gained the system nitrogen efficiency of 0.48, suggesting that 48 per cent of the total nitrogen in inputs was converted into the outputs. This system efficiency was higher than the world level of nearly 37% estimated from Van der Hoek and Bouwman (1999) .
The relative efficiency performance between the crop and livestock sectors for an average OECD country were estimated to be around 57 and 7% respectively. Due to low efficiency in the livestock sector, the system efficiency score was below 50%. It should be noted that the nitrogen efficiency in the livestock sector did not include the manure which might have been transacted in the domestic markets. Figure 2 illustrate the patterns of changes of the key environmental performance indicators of OECD community over the periods from 1990 to 2003. The system nitrogen efficiency and nitrogen balance per ha do not exhibit clear trends of improvements in their environmental performance. The eco-environmental indicator, however, presents a decreasing trend from 3.21 in 1990 (kg/million USD) to 0.45 (kg/million USD) in 2003. While this improvement may deliver positive signals about the effects of environmental policy of OECD countries, the tendency should be interpreted with care because this eco-environmental indicator might have been influenced by changes in prices of the outputs as well as the subsidies from the government to the farmers. Figure 2 also depict high positive correlations between the system nitrogen efficiency and the nitrogen efficiency in the crop sector. This was reasonable because the crop sector was relatively larger than the livestock sector in terms of nitrogen in input and output vectors and in terms of economic values of these two sectors (25.6 and 74.4% respectively for the livestock and crop sectors). We also observed that the eco-environmental performance and the nitrogen balance were negatively correlated with the system efficiency (the coefficients of correlation being -0.87 and -0.79 respectively).
Relative comparison of OECD countries Table 3 reports the annual values of the three indicators and ranking of 29 OECD countries (the higher ranks means the better performance). General observation is that the rankings based on various System nitrogen efficiency (%) 48
Nitrogen efficiency in crop sector (%) 53
Nitrogen efficiency in livestock sector (%) 7
a The economic value of output only covers the production value of livestock and crop products. The price data is from FAO, which was then adjusted by purchasing power parity factors reported on OECDstat's website. Prices data was not complete and missing data were filled using the country product dummy (CPD) method suggested by Summers 1973. Details of this method were also available in Hoang and Coelli (2009) indicators varies greatly, leading to mixed conclusions. This suggests that the interpretation on relative comparison should receive high caution. The present paper recommends that international empirical studies should not report indicators individually and should present the whole series of indicators to facilitate more informative assessment.
Nitrogen balance
Canada, Iceland, New Zealand and Australia were the best performers in term of the intensity of the nitrogen balance sent to the environment with the annual values of 6.7, 7.2, 8.3 and 13.5 (kg/ha) respectively. The balances of twenty countries were higher than the mean OECD value (i.e. 23 kg/ha). The worst performers are the Netherlands, Japan, Belgium-Luxembourg and Denmark with the values of 229.9, 203.3, 154.9 and 145.5 (kg/ha) respectively. Sheldrick et al. (2002) also reported Japan as one of special case for an ''enriching'' country in their estimation using the soil surface and soil system methods.
It should be noted that this indicator is influenced by agricultural land. Those countries characterized with a large land farming practice like Canada, New Zealand, Australia, Turkey and USA tend to have better ranks. Those countries such as the Netherlands, Japan, Belgium-Luxembourg, Denmark, Norway, and Korea with relative smaller land tend to perform worse. Iceland poses a special case. Its agricultural production was characterized with a small land and intensive livestock farming but managed to send relatively small amount of nitrogen to the environment. In this sense, the livestock farming practice in Iceland appears to be less harmful to the environment than similar countries like Denmark and Finland.
For the whole OECD community in years from 1990 to 2003, Hungary was the only country experiencing the nitrogen deficit in 1991 and 2001. This was caused by a large increase in the crop output together with a sharp decrease in the use of fertilizer. It is also interesting to note that when the analysis was extended to include years from 1985 to 1989, Korea and New Zealand also moved from deficit situations in mid-1980s to surplus situations in late 1980s. In Korea, the nitrogen balance was deficit in 1985 till 1988 then became surplus since 1989. There were two main reasons for this: (1) decreased crop output together with an increased use of fertilizer and (2) 
Eco-environmental performance
The performance varied widely among OECD countries in terms of the eco-environmental indicator. Korea, Turkey and Japan were ranked the top positions whose annual estimates of nitrogen balance per million USD of outputs were 0.01, 0.14 and 0.66 (kg/million PPP USD) respectively. These countries were the only countries having the eco-environmental scores of less than unity. On the other extreme Ireland, Australia, United Kingdom and United States of America were ranked the worst performers with the respective scores of 231,442, 221,823, 214,926, and 46,938 (kg/million PPP USD) which were enormously greater than the mean value of the whole OECD community of 1.22.
Since the eco-environmental indicator is determined partly by the economic value of the output which is influenced by many factors. Those factors include but are not limited to competition in the national and international markets, the changes in the prices due to the demand and supply effects, and the support from the government and domestic markets. While in-depth analysis on these interrelationships goes beyond the scope of the present paper, we also wanted to shed some lights on the relationship between the eco-environmental performance and the support from domestic policies. Table 4 reports the share of the market price support (MPS) of the total economic production value for non-European Union (EU) countries. MPS refers to the annual monetary value of gross transfers from consumers and taxpayers to agricultural producers, arising from various policies that create a gap between domestic market prices and border prices. PSE (2009) estimates annual MPS for all individual agricultural commodities at the farm gate level. The share is calculated as the ratio of MPS of all commodities to the total economic value (using the producer prices). PSE (2009), however, only publishes the data for EU and non-EU countries only. Table 4 provides some preliminary evidence that those countries with high domestic policy support would score worse in terms of eco-environmental performance. For example, Australia had high market price support which equaled to more than 75% of the production value ranked the second last. There could be two reasons for this. First, with a high level of support the farmers would focus less on increasing the efficiency of the use of such inputs as feed and chemical fertilizers. This would cause high nitrogen balance. Secondly, with heavy domestic policies support, the domestic prices which the farmers face might have been distorted. This causes the ecoenvironmental values deviating from the real performance. Further investigation on the impacts of the domestic policy support on the environmental performance is needed.
System and sub-system nitrogen efficiency
In terms of the conversion of nitrogen input to desirable nitrogen output Korea, Hungary and Canada ranked in the top positions while Iceland, Ireland and Australia ranked the least efficient countries. The explanation for good performers were due to high efficiency in the crop sector while the explanation for bad performers were because of extremely low nitrogen efficiency level in the livestock sector.
The values of these efficiency measures reported in Tables 3 and 5 help environmental policy designers in targeting the efforts in reducing nitrogen balance between two sectors. For example, in Australia both crop and livestock sectors experience nitrogen efficiency levels (40.8 and 2.4%) below the average levels of OECD. Improvement in both sectors would help improve the position of Australia in relation with other OECD countries. Between the two sectors, given the fact the livestock sector gained economic value equal to the crop sector, more focus should be paid to the livestock sector because its efficiency level was much lower.
Conclusion
There are three main methods of accounting the national nitrogen balance: farm gate, soil surface, and soil system. Instead of comparing the appropriateness of different nutrient accounting methods, the paper explores the relationship between the nutrient flows and balances of these methods as well as how the information of the three balance sheets can be used together to provide a more detailed nutrient auditing. The proposed combination of the nitrogen flows and balances gives more useful information than the individual method do, especially for the use of nitrogen flows and balance in international comparison of environmental performance.
The empirical study investigated the nitrogen flows and balance of OECD countries for years from 1985 to 2003 and used different indicators to assess relative environmental performance of these countries. This empirical calculation of OECD provided an alternative (2009) to OECD (2008) in which some of the findings reveal another picture of nitrogen balance and efficiency. First, on the whole OECD countries had decreased around 10% of their nitrogen surplus from 1990 to 2003. Secondly, OECD nitrogen surplus intensity was still higher than the world level. Thirdly, the environmental performance in the crop sector was better than the livestock sector. Fourthly, the performance varied greatly among member countries and these differences were correlated with many factors such as the use of land and domestic support. Fifthly the rankings varied depending on which indicators were used. Lastly but not least the estimated efficiency and eco-environmental performance provide OECD countries with useful information in targeting their efforts of reducing the nitrogen balance. 
